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Summary
Exocytosis of secretory vesicles begins with a fusion pore connecting the vesicle lumen to the extracellular space. This pore
may then expand or it may close to recapture the vesicle intact. The contribution of the latter, termed kiss-and-run, to exo-
cytosis of pancreatic b cell large dense-core vesicles (LDCVs) is controversial. Examination of single vesicle fusion pores
demonstrated that rat b cell LDCVs can undergo exocytosis by rapid pore expansion, by the formation of stable pores, or
via small transient kiss-and-run fusion pores. Elevation of cAMP shifted LDCV fusion pore openings to the transient
mode. Under this condition, the small fusion pores were sufficient for release of ATP, stored within LDCVs together with in-
sulin. Individual ATP release events occurred coincident with amperometric ‘‘stand alone feet’’ representing kiss-and-run.
Therefore, the LDCV kiss-and-run fusion pores allow small transmitter release but likely retain the larger insulin peptide.
This may represent a mechanism for selective intraislet signaling.Introduction
Secretory vesicles can be recycled by kiss-and-run exocytosis,
where fusion with the plasmamembrane is only transient (Rutter
and Tsuboi, 2004). In endocrine and neuroendocrine cells, both
large dense-core vesicles (LDCVs) and synaptic-like vesicles
(SLVs) undergo regulated exocytosis (Thomas-Reetz and De
Camilli, 1994; Burgoyne and Morgan, 2003). We have shown
recently that b cell SLVs undergo kiss-and-run (MacDonald
et al., 2005). When coupled with the direct reuptake of cytosolic
g-aminobutyric acid (GABA) (Thomas-Reetz et al., 1993), an im-
portant inhibitor of glucagon secretion from a cells (Wendt et al.,
2004; Xu et al., 2006), this likely contributes to rapid functional
recycling of b cell SLVs.
The physiological relevance for LDCV kiss-and-run is contro-
versial. Kiss-and-run of LDCVs has been demonstrated in adre-
nal chromaffin cells (Zhou et al., 1996; Albillos et al., 1997) and is
upregulated by the cAMP-raising agent forskolin in PC12 cells
(Wang et al., 2003). This may be followed by direct refilling
with catecholamine (Toll et al., 1977). Evidence supporting tran-
sient LDCV fusion in b cells is conflicting (Takahashi et al., 2002;
Tsuboi and Rutter, 2003; Ma et al., 2004; Rutter and Tsuboi,
2004; Tsuboi et al., 2004, 2006; Obermuller et al., 2005). Further-
more, peptide-containing LDCVs cannot be directly refilled at
the site of exocytosis. However, in addition to insulin, b cell
LDCVs also store small auto- and paracrine transmitters includ-
ing Zn2+ and ATP that are important regulators of a and b cell
function (Franklin et al., 2005; Salehi et al., 2005), and at least
a fraction of b cell LDCVs also store GABA (Gammelsaeter
et al., 2004).
During kiss-and-run, the secretory vesicle lumen is connected
to the extracellular space via a lipid and/or protein-lined fusion
pore, through which vesicular content exits (Fernandez-Peru-
chena et al., 2005). The diameter of the fusion pore is thought
to range from 1–3 nm (Lindau and Alvarez de Toledo, 2003).CELL METABOLISM 4, 283–290, OCTOBER 2006 ª2006 ELSEVIER INCTransient b cell LDCV fusion pores have been estimated at di-
ameters of 1.4 nm (Takahashi et al., 2002) or 5–10 nm (Tsuboi
et al., 2004). The difference between these two values is signif-
icant given that the insulin peptide has dimensions of 3.3 3
2.73 2.5 nm (Barg et al., 2002; Tsuboi et al., 2004). That is, while
monomeric insulin will pass through a 5–10 nm fusion pore, the
presence of a 1.4 nm fusion pore would prevent insulin release
and may account for the selective release of ATP from LDCVs
(Obermuller et al., 2005). Indeed, the direct detection of quantal
insulin release by amperometry provides no evidence that insu-
lin permeates a transient fusion pore (Huang et al., 1995). A
clearer understanding of the LDCV fusion pore properties in
these cells is required to determine the physiological conse-
quence of kiss-and-run exocytosis for the release of peptide
and small intraislet transmitters.
Here we have examined the transient fusion pore during kiss-
and-run exocytosis by using multiple approaches. We mea-
sured the electrical conductance of transient SLV and LDCV
fusion pores associated with single-vesicle exocytosis in rat
b cells and examined quantal ATP, GABA, and 5-HT release di-
rectly. We find that the cAMP-raising compound forskolin shifts
LDCV exocytosis toward a transient, kiss-and-run mode. Fur-
thermore, SLV and LDCV kiss-and-run fusion pores allow the
release of GABA and ATP. However, the transient pore of LDCVs
is, by our measurements, smaller than required for passage of
the insulin peptide during kiss-and-run. Thus, kiss-and-run of
SLVs and LDCVs in endocrine and neuroendocrine cells may
serve the disparate purposes of rapid vesicle recycling and
selective release of small molecule transmitters, respectively.
Results
SLVs and LDCVs undergo kiss-and-run
Exocytosis was monitored in cell-attached membrane patches
of intact rat b cells in the presence of 10 mM glucose and. DOI 10.1016/j.cmet.2006.08.011 283
A R T I C L E5 mM forskolin. Unitary capacitance (Im/2pf) steps correspond-
ing to the fusion of single vesicles were observed (Figure 1A).
The lock-in phase setting was verified as correct using pulses
of pipette suction that should produce deflections in the capac-
itance trace only (Figure 1A, iv). Small phase off-sets were cor-
rected offline (Figure S1 in the Supplemental Data available with
this article online). When conductance (Re) changes were ob-
served coincident with capacitance steps, indicating the pres-
ence of a fusion pore (Figure 1A, traces ii and iv), the true vesicle
capacitance (Cv) was calculated as described previously (Lollike
and Lindau, 1999). The size distribution of SLV and LDCV exo-
cytotic events is shown in Figure 1B. Exocytosis of SLVs con-
tributed an average capacitance of 199 6 12 aF (135 vesicles
in 66 membrane patches). Assuming spherical geometry and
a specific capacitance of 9 fF$mm-2, this value corresponds to
Figure 1. Cell-attached membrane capacitance measurements reveal the kiss-
and-run exocytosis of single vesicles in rat b cells
A) Representative capacitance (Im/2pf) and conductance (Re) recordings from
membrane patches of intact rat b cells stimulated with 10 mM glucose and 5 mM
forskolin. Upward steps in Im/2pf result from the fusion of single vesicles within
the patch. Some exocytotic steps were transient and followed by similar endocy-
totic (downward) Im/2pf steps (in parts ii and iv). Deflections in Re during exocyto-
sis result from the presence of fusion pores. Adequate lock-in phase setting and
separation of the Im/2pf and Re components is demonstrated by the deflection
produced by pipette suction (end of part iv), which is apparent only in the Im/2pf
trace.
B) The size distribution of exocytotic events, shown both as the square root of
capacitance (fF1/2) and as vesicle diameter, demonstrating two vesicle popula-
tions corresponding to SLVs and LDCVs. Kiss-and-run events are shown in black.
C) Themagnitudes of the upward (exocytotic) and downward (endocytotic) capac-
itance steps during transient vesicle fusions are highly correlated.284a vesicle diameter of 79 6 2 nm. LDCVs undergoing exocytosis
produced an average capacitance increase of 2.9 6 0.2 fF (144
vesicles in 60 membrane patches), equivalent to a diameter of
298 6 10 nm. These values are in close agreement with the
known sizes of these vesicles in rat b cells (Braun et al., 2004).
Some vesicles fused reversibly with the plasmamembrane as
indicated by an upward (exocytotic) capacitance deflection fol-
lowed by a downward (endocytotic) event of similar magnitude
(Figure 1A). These kiss-and-run events accounted for 28% of
the SLV and 25% of LDCV exocytosis (black bars, Figure 1B).
Transient LDCV fusions were also observed upon exposure of
the intracellular membrane surface to Ca2+ and cAMP, either
by direct application to inside-out excised membrane patches
or by infusion into cells through a second patch pipette (Fig-
ure S2). Transiently fusing SLVs averaged 179 6 39 aF, equiva-
lent to a diameter of 74 6 6 nm, while LDCVs undergoing kiss-
and-run averaged 2.4 6 0.4 fF (280 6 19 nm diameter). These
are indeed representative of the fusion and then endocytosis
of intact vesicles as evidenced by the strong correlation be-
tween the upward and downward capacitance steps (p <
0.001, R2 = 0.95, slope = 1.0) shown in Figure 1C. Occasionally,
vesicles underwent multiple transient fusions with the plasma
membrane. This occurred more often for LDCVs (38% of the
reversible events) than for SLVs (4.2%). Transient fusion pore
openings lead to changes in vesicular pH (Tsuboi et al., 2004),
whichmay be involved in dissolution of the insulin crystal (Aspin-
wall et al., 1997) and priming of vesicles for subsequent exocy-
tosis (Barg et al., 2001). However, the duration of transient
fusions was not changed with successive events, and vesicles
that underwent kiss-and-run did not subsequently undergo
‘‘nonreversing’’ fusion with the plasma membrane over the
course of the experiment (w5 min).
Detection of SLV and LDCV fusion pores
Fusion pores were examined by analyzing patch conductance
(Re) increases during exocytosis. The pore conductance (Gp)
was calculated from the Im and Re conductance components
as described previously (Lollike and Lindau, 1999). Fusion pores
were detected during 61% of transient SLV exocytotic events
(Figure 2). The average conductance of these was 54 6 16 pS
(n = 19). This corresponds to an average pore diameter of
Figure 2. Measurement of SLV fusion pore conductance during kiss-and-run
exocytosis
A) A representative SLV kiss-and-run event. The true vesicle capacitance (Cv) and
fusion pore conductance (Gp) were calculated from the Im and Re conductance
components (see Experimental Procedures).
B) The distribution of fusion pore sizes, shown both as the square root of conduc-
tance (pS1/2) and as pore diameter. The dashed line represents the approximate
diameter of GABA on the shortest axis.CELL METABOLISM : OCTOBER 2006
Kiss-and-run fusion pores in b cells0.86 0.1 nm. The size distribution of transient SLV fusion pores
demonstrates that the majority of these are sufficiently large to
allow efflux of GABA (Figure 2B). Fusion pores were detected
during 78% of the LDCV kiss-and-run events (Figure 3A). These
had an average conductance of 203 6 53 pS, equivalent to
a pore diameter of 1.46 0.1 nm. The LDCV fusion pore size dis-
tribution demonstrates that all pores are large enough to allow
passage of ATP, but the majority of the kiss-and-run fusion
pores appear too small to permit the efflux of insulin (Figure 3B).
While kiss-and-run accounted for 25% of LDCV exocytosis in
the presence of 10 mM glucose and 5 mM forskolin, this value
Figure 3. Measurement of LDCV fusion pore conductance and the effect of
forskolin
A) A representative LDCV kiss-and-run event. The true vesicle capacitance (Cv)
and fusion pore conductance (Gp) were calculated from the Im and Re conduc-
tance components (see Experimental Procedures).
B) The distribution of fusion pore sizes, shown both as the square root of conduc-
tance (pS1/2) and as pore diameter. The dashed lines represent the approximate
diameter of ATP and insulin on the shortest axis.
C) A representative LDCV exocytotic event associated with a persistent conduc-
tance increase representing the presence of a fusion pore that neither closed
nor expanded over the course of the experiment (up to 5 min). This was not due
to an incorrect lock-in phase setting as demonstrated by the separation of Im/
2pf and Re during pulses of pipette suction (end of Im/2pf trace). The true vesicle
capacitance (Cv) and fusion pore conductance (Gp) were calculated from the Im
and Re conductance components.
D) The relative occurrence of full LDCV fusion (i.e., nonreversible fusion with no
persistent pore), LDCV kiss-and-run, and LDCV exocytosis with a persistent fusion
pore.
E) The calculated diameters of transient LDCV fusion pores in the absence and
presence of forskolin, and of persistent LDCV fusion pores. **2p < 0.01 compared
with the kiss-and-run pores. All error bars represent the SEM.CELL METABOLISM : OCTOBER 2006was reduced to 7% when forskolin was omitted. Interestingly,
numerous LDCV events displayed persistent fusion pores in
the absence of forskolin (Figure 3C). These could not be classi-
fied as kiss-and-run since no similarly sized endocytotic event
was observed over the course of the experiment (w5 min).
Thus, we classified exocytotic events as occurring either by
‘‘full fusion’’ (nonreversing events where the fusion pore either
expands beyond the limit of detection or is not detectable), by
the formation of a ‘‘persistent pore’’ (nonreversing events were
a stable fusion pore is detectable), or by ‘‘kiss-and-run’’ (tran-
sient events) (Figure 3D). LDCV exocytosis accompanied by
persistent fusion pores accounted for 16% of all LDCV exocyto-
sis in the absence of forskolin, whereas only one such event was
observed when forskolin was present. While the truly transient
LDCV pores had identical conductance, whether in the pres-
ence or absence of forskolin, the persistent pores were signifi-
cantly larger (2.76 0.6 nS or 6.3 6 0.9 nm; p < 0.01; Figure 3E).
A subset of GABA and ATP release events occur through
small fusion pores
Quantal release of GABA and ATP was examined in rat b cells
overexpressing either GABAA or P2X2 receptors (Hazama
et al., 1998; Braun et al., 2004), where release of these transmit-
ters during an exocytotic event leads to transient current spikes
(here referred to as It,ATP and It,GABA). Since the cells in these ex-
periments are metabolically and electrically clamped, exocyto-
siswas elicited by the direct infusion of Ca2+ and cAMP. In b cells
expressing GABAA receptors, GABA release from individual
vesicles elicited current spikes (It,GABA) with rapid kinetics
(closed circles, rise time (trise) = 13.9 6 1.3 ms and half-width
(t1/2) = 18.4 6 0.6 ms, n = 121) (Figure 4A, i), similar to what
we have described previously (Braun et al., 2004; Wendt et al.,
Figure 4. Quantal GABA release measurements reveal a subset of events con-
forming to release through a fusion pore
A) Representative current spikes from rat b cells expressing the GABAA receptor
resulting from the quantal release of GABA from a single exocytotic SLV. Exocyto-
sis was elicited by direct infusion of Ca2+ into the cell. The spike labeled i displays
rapid kinetics while those labeled ii and iii display slowed kinetics. Scatter plots of
current spike amplitude versus spike charge (B), and current spike half-width (t1/2)
versus spike charge (C) are shown. Two distinct groups of quantal GABA release
events are evident; one with rapid kinetics (closed circles) and a second with
slowed kinetics (open circles).285
A R T I C L E2004). Also, many It,GABA events (42%) displayed slowed kinet-
ics (open circles, trise = 34.8 6 1.8 and t1/2 = 53.4 6 3.2 ms, n =
86, p < 0.001) (Figure 4A, ii and iii). It,GABA amplitude for the
slower events was significantly lower (58.8 6 5.1 pA) than the
events with fast kinetics (113.6 6 9.0 pA, p < 0.001).
In order to assess the qualitative effect of a small fusion pore
on It,GABA(ATP) kinetics, we constructed a pore-basedmathemat-
ical model of the detection system (see Supplemental Experi-
mental Procedures and Figure S3). This suggested that GABA
(or ATP) release through a small fusion pore can be distin-
guished from release by free diffusion (i.e., by full fusion or a large
pore) by changes in the It,GABA(ATP) amplitude-to-charge and
t1/2-to-charge relationships (Figures S3D and S3E). Indeed,
the rapid (closed circles) and slow (open circles) kinetic It,GABA
events displayed distinct amplitude-to-charge and t1/2-to-
charge relationships (Figures 4B and 4C), consistent with trans-
mitter release by free diffusion or through a small restrictive
pore, respectively (compare Figures 4B and 4C with Figures
S3D and S3E).
In cells expressing P2X2 receptors, ATP release from individ-
ual LDCVs elicited an inward current spike (It,ATP, Figure 5A, i),
similar to that described previously (Hazama et al., 1998; Ober-
muller et al., 2005). While the majority of It,ATP events demon-
strated rapid kinetics in these experiments (closed circles, trise =
7.66 0.3 ms and t1/2 = 31.06 1.0 ms, n = 220), numerous (29%)
were of prolonged duration (open circles, trise = 16.6 6 2.0 ms
and t1/2 = 222.5 6 17.9 ms, n = 92, p < 0.001 compared to the
rapid events) (Figure 5A, ii and iii). It,ATP amplitude for the slower
events was significantly lower (76.46 5.4 pA) than in the events
with fast kinetics (346.96 21.4 pA, p < 0.001). The amplitude-to-
charge relationship revealed that the rapid (closed circles) and
slow (open circles) kinetic It,ATP events represent two distinct
populations (Figure 5B), and a similar separation was observed
for the t1/2-to-charge relationship (Figure 5C). Again, these fol-
low our qualitative predictions based on the release of ATP by
free diffusion or through a small fusion pore (compare Figures
5B and 5C with Figures S3D and S3E).
We sought further evidence that ATP can permeate the LDCV
fusion pore. In addition to the transiently open fusion pores de-
scribed in Figures 2 and 3, we detected an early expanding fu-
sion pore conductance at the initiation of LDCV full fusion, albeit
rarely (<1%, Figure 5D, i). This is likely due to the rapid expan-
sion of these pores, which approaches the time resolution of
our conductance measurements. These early fusion pores
could also be resolved by the simultaneous measurement of
It,ATP and the amperometric detection of 5-HT release from pre-
loaded b cells expressing P2X2 receptors (Figure 5D, ii–v). Am-
perometric detection of 5-HT from preloaded b cells has been
used extensively to characterize unitary LDCV exocytotic events
(Smith et al., 1995; Zhou and Misler, 1996; Takahashi et al.,
1997). We often observed the co-occurrence of rapid It,ATP
and amperometric spikes. A ‘‘prespike foot’’ of short duration
(<25 ms) could be observed in both the amperometric and It,ATP
traces during some corelease events (Figure 5D, ii). These pre-
spike features, when observed in amperometric recordings,
result from the release of 5-HT through the early fusion pore
(Alvarez de Toledo et al., 1993). We also observed the co-occur-
rence of amperometric ‘‘stand-alone feet,’’ which result from
5-HT release through transient fusion pores (Alvarez de Toledo
et al., 1993), with It,ATP events of low amplitude and slow kinet-
ics. Several such examples are shown in Figure 5D (iii–v). Thus,286the present data confirm that ATP can be released through both
the early expanding pore, and the transient fusion pore during
kiss-and-run of b cell LDCVs.
Kiss-and-run duration is sufficient to allow
transmitter release
We examined whether the kiss-and-run observed in the capac-
itance measurements was of adequate duration to allow the sig-
nificant emptying of transmitter from a vesicle. To do this, we
first calculated the time from spike initiation to half-inactivation
(termed t1/2 inact) of the It,ATP or It,(GABA) events as a measure of
the time for GABA and ATP release (Figure 6A, left). The tinact
value was used since our calculations (unpublished data) pre-
dict that a vesicle has releasedw80% of its transmitter content
at this point. Secondly, the transient LDCV and SLV fusion pore
Figure 5. Quantal ATP release measurements reveal a subset of events conform-
ing to release through a fusion pore
A) Representative current spikes from rat b cells expressing the P2X2 receptor re-
sulting from the quantal release of ATP from a single exocytotic LDCV. Exocytosis
was elicited by direct infusion of Ca2+ into the cell. The spike labeled i displays
rapid kinetics while those labeled ii and iii display slowed kinetics. Scatter plots
of current spike amplitude versus spike charge (B), and current spike half-width
(t1/2) versus spike charge (C) are shown. Two distinct groups of quantal ATP re-
lease events are evident; one with rapid kinetics (closed circles) and a second
with slowed kinetics (open circles). (D) In part i, a rapid expanding fusion pore is
detected at the onset of LDCV exocytosis as a transient increase in Re. Rapid ex-
pansion of the pore is observed in the calculated fusion pore conductance (Gp).
The simultaneous measurement of quantal ATP release and the amperometric
measurement of 5-HT release reveal prespike feet during some release events
that represent the exit of these molecules through the expanding fusion pore
(part ii). Amperometric stand alone feet representing release of 5-HT through the
kiss-and-run fusion pore was observed coincident with the slow kinetic It,ATP
events (parts iii to iv).CELL METABOLISM : OCTOBER 2006
Kiss-and-run fusion pores in b cellsopen times (tfusion) were measured from the membrane patch
capacitance data (Figure 6A, right). The capacitance measure-
ments performed in the presence of 5 mM forskolin were used
for this analysis, since GABA and ATP measurements were per-
formed with cAMP in the pipette.
We examined whether GABA release occurred more quickly
than the transient SLV fusions. We compared the average dura-
tions (Figure 6B) and cumulative histograms (Figure 6C) for these
events. The t1/2 inact of both the rapid (23.4 6 0.1 ms) and slow
(77.5 6 6.0 ms) It,GABA events resulting from the unitary release
Figure 6. Kiss-and-run of LDCVs and SLVs are of sufficient duration to allow
transmitter release
A) The total time to half-inactivation (t1/2 inact) of ATP and GABA current detection
spikes, and the transient SLV and LDCV fusion times (tfusion) were calculated as
indicated.
B) Average t1/2 inact for the fast and slow It,GABA spikes and tfusion for SLV kiss-and-
run.
C)Cumulative histograms of the time distribution for rapid (closed circles) and slow
(open circles) GABA events were compared to that for transient SLV fusions (open
squares).
D) Average It,GABA spike charge for the fast and slow kinetic events.
E) The same as in (B), except for It,ATP spikes and LDCV kiss-and-run events.
F) Same as in (C), except comparing the time distribution of rapid (closed circles)
and slow (open circles) ATP events to that for transient LDCV fusions (open
squares).
G) Average It,ATP spike charge for the fast and slow kinetic events. *2p < 0.05 and
***2p < 0.001 compared with the first bar, unless indicated otherwise.
All error bars represent the SEM.CELL METABOLISM : OCTOBER 2006of GABA (see Figure 4) occurred more quickly than the tfusion of
SLV kiss-and-run events (917.4 6 178.4 ms, p < 0.001). The
cumulative duration histograms demonstrated that both rapid
(closed circles) and slow (open circles) GABA release followed
single time constants (t = 25 and 57 ms). For comparison, the
closure of the transient SLV fusion pore followed two time con-
stants (open squares, t1 = 79ms, t2 = 979). However, t2was pre-
dominant (83%), similar to what we have described previously
(MacDonald et al., 2005), and the majority of GABA release
events (t1/2 inact) occurred much more quickly than the time
course of transient SLV fusion. Furthermore, the total charge of
the slow It,GABA spikes was not less than that of the rapid It,GABA
spikes, suggesting that both groups of events result from the re-
lease of a similar amount ofGABA (Figure 6D). It is therefore likely
that many SLV kiss-and-run events are associated with the
complete, or at least near-complete, release of GABA.
Similarly, we compared the t1/2 inact of the fast and slow It,ATP
events with tfusion for the LDCV kiss-and-run events. The t1/2 inact
of both the rapid (27.2 6 0.1 ms) and slow (197.7 6 15.4 ms)
ATP release events occurred more quickly than the closure of
transient LDCV fusion pores (tfusion = 2.3 6 0.8 s, p < 0.001,
Figure 6E). The cumulative histograms (Figure 6F) show that
ATP release followed a single time constant (t), whether by full
vesicle fusion (closed circles, t = 35 ms) or through the transient
fusion pore (open circles, t = 207 ms). Conversely, tfusion of
LDCV kiss-and-run followed two time constants (t1 = 251 ms,
t2 = 9.4 s), with t1 as the major contributor (63%). This data
suggests that most of the LDCV kiss-and-run events are of
longer duration than required for the release of at least 80% of
the vesicles ATP content. Finally, the conclusion that transiently
fusing LDCVs release a large fraction of their ATP content is sup-
ported by the observation that the total charge of It,ATP events
was not significantly decreased in slow versus fast events
(Figure 6G).
Discussion
We have examined the transient fusion of single SLVs and
LDCVs with the plasma membrane, and the properties of quan-
tal GABA and ATP release in rat b cells. Kiss-and-run exocytosis
is associated with the opening and closing of a fusion pore, de-
tectable as increasedmembrane patch conductance coincident
with increased capacitance. The biophysical properties of the
fusion pore are key in determining efflux of vesicular content
during kiss-and-run. Indeed, a subset of quantal GABA and
ATP release events display kinetics consistent with release
through a small fusion pore. Small, transient LDCV fusion pores
were particularly evident under conditions of increased cAMP.
These pores are, however, likely to be too small to allow pas-
sage of the insulin peptide. Thus, while kiss-and-run contributes
to the recycling of SLVs, it is attractive to postulate that transient
fusion of LDCVs serves to mediate the selective release of small
molecular weight granule constituents.
Kiss-and-run exocytosis of synaptic vesicles allows the re-
capture of empty vesicles and their direct refilling for subsequent
release events. Kiss-and-run of SLVs has been observed in neu-
roendocrine cells (Klyachko and Jackson, 2002) and b cells
(MacDonald et al., 2005). The present work suggests that the
SLV kiss-and-run events are much longer in duration than nec-
essary for the release of a majority (80%) of the GABA content.
Release of a significant fraction of SLV GABA content during287
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It,GABA spikes did not have a lower charge than the rapid spikes.
Indeed, the charge of the slow events was slightly larger. This is
because a greater fraction of the GABA is detected during slow
release events in comparison to the fast events, inwhich someof
the released GABA diffuses away before interaction with the
cell-surface receptor. Coupled with refilling of GABA from the
cytoplasm (Thomas-Reetz et al., 1993), kiss-and-run likely plays
an important role in recycling b cell SLVs. Recent work demon-
strates that GABA is also contained within at least a fraction of
b cell LDCVs (Gammelsaeter et al., 2004). Thus, we cannot com-
pletely rule out the possibility that someof the slow kinetic It,GABA
events result from the release of GABA from LDCVs. This may
explain in part why we observed a higher proportion of slow
It,GABA events compared with SLV kiss-and-run.
Chromaffin cell LDCVs undergo kiss-and-run exocytosis
(Zhou et al., 1996; Albillos et al., 1997) and are actively refilled
with catecholamine (Toll et al., 1977). By contrast, the kiss-
and-run of b cell LDCVs is controversial. Several studies have
reported only a low occurrence (<7%) of LDCV kiss-and-run in
primary b cells using diffusible extracellular markers (Takahashi
et al., 2002, 2004;Ma et al., 2004), and our ownpreviouswork on
insulinoma cells failed to demonstrate the transient fusion of
LDCVs (MacDonald et al., 2005). The conclusions by Ma et al.
and Takahashi et al. are based primarily on the use of diffusible
markers ofw1.4 and 3 nm diameter. By our calculations, these
will fail to detect as much as 80% and 92% of the LDCV kiss-
and-run events, respectively, by virtue of their inability to perme-
ate the kiss-and-run fusion pore. Secondly, and similar to a pre-
vious study examining PC12 cells (Wang et al., 2003), we find
here that LDCV kiss-and-run is increased by the cAMP-raising
agent forskolin. This likely contributed to our inability to observe
transient LDCV fusion in our previous work, which was per-
formed in the absence of forskolin (MacDonald et al., 2005),
but is in conflict with a recent report suggesting that forskolin de-
creases kiss-and-run in mouse islet cells (Hatakeyama et al.,
2006). However, that work also utilized an w1.4 nm diffusible
marker and thus the apparent decrease in LDCV kiss-and-run
with forskolin treatment may instead reflect a shift from larger
to smaller fusion pores of%1.4 nm diameter.
In the present study, two separate methods provide evidence
that b cell LDCVs can indeed undergo a significant amount of
kiss-and-run. Firstly, cell-attached patch capacitance measure-
ments revealed the reversible fusion of single LDCVs with the
plasma membrane. Importantly, the frequency of transient
LDCV fusions was similar whether stimulation was by glucose
and forskolin or by the direct intracellular application Ca2+ and
cAMP (Figure S2, conditions identical to the It,ATP measure-
ments). Secondly, detection of quantal ATP release revealed
a subset of events that conform to release through a small
pore. These It,ATP events are analogous to the stand alone feet
taken to indicate kiss-and-run exocytosis in amperometric
recordings (Zhou et al., 1996), and indeed were observed coin-
cident with amperometric stand alone feet when measured
simultaneously. These findings are in good agreement with
pH-dependent changes in the fluorescence of GFP-tagged ve-
sicular cargo proteins taken to indicate fusion pore opening
and closing in insulinoma (Obermuller et al., 2005) and PC12
cells (Holroyd et al., 2002; Taraska et al., 2003).
The physiological relevance for kiss-and-run exocytosis of
peptide-containing LDCVs has been questioned since these288cannot be directly refilled with peptide from the cytoplasm. In
addition to insulin, b cell LDCVs contain small molecules of po-
tential relevance. These include ATP and Zn2+ whichmediate in-
traislet auto- and paracrine effects (Hellman et al., 2004; Franklin
et al., 2005). GABA is also present in at least some b cell LDCVs
(Gammelsaeter et al., 2004). An increase in intravesicular pH
during transient fusion (Tsuboi et al., 2004), resulting from H+
efflux, may also regulate dissolution of the insulin granule
(Aspinwall et al., 1997) and subsequent exocytosis (Barg et al.,
2001). Recent work suggests that during some exocytotic
events in b cells, granular peptides can be selectively retained
(Tsuboi et al., 2004, 2006; Obermuller et al., 2005). We therefore
explored the hypothesis that in b cells the transient LDCV
fusion pore allows the release of small intraislet transmitters,
particularly ATP.
The transient LDCV fusion pore is small. It is, according to our
patch conductance measurements, smaller in diameter than a
single insulin monomer and of similar size to the pores observed
in other cell types (Spruce et al., 1990; Albillos et al., 1997; Debus
and Lindau, 2000) and inmouse b cells by fluorescencemethods
(Takahashi et al., 2002). Additionally, the conductance of tran-
sient LDCV fusion pores was not different whether stimulation
was by glucose, either alone or with forskolin (Figure 3E), or
upon direct infusion of Ca2+ and cAMP (Figure S2). Thus, it
seems likely that during the majority of LDCV kiss-and-run
events insulin is retained within the vesicle by its inability to per-
meate the transient fusion pore. Rather, we demonstrate that
ATP can be released through fusion pores during these events.
It follows thatH+ ions are also released, asmaybeZn2+, although
the latter is likely more dependent upon dissociation of the Zn2+-
insulin complex of the dense core (Michael et al., 2006). During
most of the kiss-and-run events, LDCVs are expected to release
a significant fraction of their ATP content. This is supported by
the observation that It,ATP charge was not decreased when
ATP was released through the fusion pore, although based on
the kinetic analysis of It,ATP and LDCV fusion events (Figure 6F),
we cannot rule out the possibility that some transient LDCV
fusions result in incomplete ATP release.
While our data are consistent with previous work demonstrat-
ing an LDCV fusion pore of 1.4 nm diameter in b cells (Takahashi
et al., 2002), we also observed a persistent 6.3 nm diameter
LDCV fusion pore that was seen almost exclusivelywhen forsko-
lin was absent. These were present at the apparent expense of
the smaller, transient pores. Whether forskolin regulates kiss-
and-run exocytosis through direct cAMP effects on the fusion
pore is unclear, although previous work suggests the induction
of synaptotagmin in this effect (Wang et al., 2003). It is interesting
to postulate that this 6.3 nm persistent pore is the electrophysi-
ological correlate of the 5–10 nm fusion pore described previ-
ously by monitoring fluorescent vesicle cargoes (Tsuboi et al.,
2004). However, apparent discrepancies remain between the
present electrophysiological work andprevious imaging studies.
For example, considerable evidence from fluorescence imaging
studies suggest that LDCVs, or LDCVmembranes, remain struc-
turally intact following exocytosis and that true full fusion of
LDCVs is rare (Holroyd et al., 2002; Taraska et al., 2003; Tsuboi
and Rutter, 2003; Perrais et al., 2004; Tsuboi et al., 2004, 2006;
Obermuller et al., 2005). We must point out, however, that the
electrophysiological definition of full fusion in our study is based
on fusion pore expansion beyond a detectable limit (w10 nm di-
ameter), rather than on lipid or protein diffusion into the plasmaCELL METABOLISM : OCTOBER 2006
Kiss-and-run fusion pores in b cellsmembrane. Thus,wedonot rule out thepresenceof a larger pore
or any othermechanism formaintaining the vesiclemembrane or
granular protein integrity following fusion. To fully reconcile the
electrophysiological and fluorescence-based studies of single
LDCVs, these must be performed simultaneously.
We have directly measured the opening and closing of exocy-
totic fusion pores in b cells. The present data support a role for
kiss-and-run exocytosis in the recycling of endocrine cell SLVs,
where most or all of the GABA content is released before the
vesicle is reinternalized. Kiss-and-run of b cell LDCVs however
may not serve the primary purpose of vesicle recycling per se.
Rather, transient LDCV fusion likely represents a mechanism
for the selective release of small transmitters such as ATP. Fur-
thermore, we implicate cAMP as a controller of this mode of sig-
naling whereby peptide-secreting endocrine and neuroendo-
crine cells, by regulating the decision between kiss-and-run
and full fusion of a secretory granule, can utilize existing exocy-
totic machinery preferentially for local auto- and paracrine sig-
naling or for the release of endocrine hormones.
Experimental procedures
Cell culture
Islets from female Sprague Dawley rats (200 g) were isolated and dispersed
as previously (MacDonald et al., 2005). Cells were plated on poly-L-lysine
coated 35 mm plastic dishes 3–24 hr prior to capacitance measurements.
Capacitance and fusion pore measurements
Capacitance was measured in the cell-attached configuration. SLVs were
monitored using a sine wave of 25 kHz and 50 mV rms around 0 mV and ap-
plication of an upper capacitance limit of 0.6 fF (w145 nm) chosen based
upon previous electron microscopy of SLVs in rat b cells (Braun et al.,
2004). LDCVs were monitored using a sine wave of 8 kHz and 20 mV rms
around 0mV, conditions which imposed a lower limit ofw0.5 fF. Lock-in am-
plifier (SRS830 DSP, Stanford Research Systems) outputs were filtered at
3 ms (24 dB) or 1 ms (18 dB). Online calibration of the lock-in phase angle
was performed using pure capacitance increases produced by pulses of
pipette suction. Remaining small offsets were corrected offline (Debus and
Lindau, 2000); an example recording before and after phase correction is
shown in Figure S1. The average resistance of Sylgard-coated, fire-polished
patch pipettes was 2.7 6 0.1 MU. The bath solution contained (mM):
125 NaCl, 4 KCl, 2 EGTA, 1 MgCl2, 10 glucose and 10 HEPES, and 0 or
5 mM forskolin at pH 7.2. The pipette solution contained (mM): 125 NaCl,
4 KCl, 2.6 CaCl2, 1 MgCl2, 13 TEA-Cl, and 10 HEPES at pH 7.2. The bath
was perfused continuously at 32–34C. Cells were identified as b cells
based on cell size, which averaged 6.5 6 0.2 pF.
Data analysis was with Origin 6.0 (Microcal Software Inc., Northampton,
MA). The X and Y outputs of the lock-in amplifier reflect the real (Re) and
imaginary (Im) conductance components. When Re is constant (and the
phase setting is correct), capacitance changes are reflected by Im/2pf,
where f is the sine wave frequency. When Re changes transiently upon a ca-
pacitance step vesicle capacitance (Cv) and fusion pore conductance (Gp)
were calculated as described (Lollike and Lindau, 1999) and shown in
Figure S1. Vesicle diameters were calculated assuming 9 fF$mm22 (Gentet
et al., 2000). Pore diameters were calculated assuming a cylindrical pore
length of 15 nm and a solution resistivity of 66.7 U$cm (equation 11.1 in Hille,
2001). The relative occurrence of persistent fusion pores was determined as-
suming a pore detection rate equal to that of the LDCV kiss-and-run events
(78%). Molecular dimensions were calculated using Rasmol for Windows
(v.2.7.2.1.1). The total transient fusion time (tfusion) was calculated as shown
in Figure 6A, and multiple fusions of the same vesicle were summed. Statis-
tical analyses were performed using the Student’s t test or ANOVA as appro-
priate; p values < 0.05 were considered significant.
Quantal GABA and ATP release measurements and amperometry
Cells were infected with adenoviral vectors encoding either the a1 and b1
subunits of the GABAA receptor (AdGABAAa1 and AdGABAAb1 [BraunCELL METABOLISM : OCTOBER 2006et al., 2004]) or a P2X2-GFP fusion protein (AdP2X2-eGFP [Obermuller
et al., 2005]). Patch pipettes were pulled from borosilicate glass, coated
with Sylgard, and fire-polished (tip resistance 3-6 MU). Electrophysiological
measurements were performed in the standard whole-cell patch-clamp con-
figuration 16–32 hr after adenoviral infection. Recordings were made using
an EPC-9/2 patch clamp amplifier (HEKA) and Pulse software (version
8.31, HEKA). b cells were identified based on their size (capacitance > 5
pF) and the inactivation properties of voltage-gated Na+-currents (Hiriart
and Matteson, 1988). The extracellular solution consisted of (mM): 118
NaCl, 20 TEA-Cl, 5.6 KCl, 2.6 CaCl2, 1.2 MgCl2, 5 HEPES, and 5 glucose
(pH 7.4 with NaOH). The pipette solution contained (mM) 138 CsCl,
1 MgCl2, 10 HEPES, 3 MgATP, 0.1 cAMP, 5 HEDTA (pH 7.15 with CsOH)
and 0.8 CaCl2 (estimated free [Ca
2+] of 3 mM). Whole-cell currents were dig-
itally filtered at 100 Hz and analyzed using Mini-Analysis software (Synapto-
soft, Fort Lee, NJ). Cumulative time-distribution histograms for t1/2 inact (and
tfusion), calculated as shown in Figure 6A, were fit to single and double expo-
nential functions to derive the time constants t, t1, and t2). For amperometry,
cells were loaded by adding 0.5 mM serotonin and 0.5 mM 5-hydroxytrypto-
phan to the culture medium 8–16 hr before the experiments. A carbon fiber
(ProCFE, Dagan Corp., Minneapolis, MN; tip diameter 5 mm) was connected
to the second head stage of the EPC-9/2 amplifier and held at +650 mV. The
tip of the carbon fiber was positionedwithin 1 mmof the cell membrane during
the experiment. The amperometric current was filtered at 333 Hz, digitized at
1 kHz and for analysis again digitally filtered at 50–100 Hz. Statistical analy-
ses were performed using the Student’s t test or ANOVA as appropriate;
p values < 0.05 were considered significant.
Supplemental data
Supplemental data include Supplemental Experimental Procedures and
three figures and can be found with this article online at http://www.
cellmetabolism.org/cgi/content/full/4/4/283/DC1/.
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